Background Influenza A(H1N1)pdm09 virus has been circulating in human population for three epidemic seasons. During this time, monovalent pandemic and trivalent seasonal influenza vaccination against this virus have been offered to Finnish healthcare professionals. It is, however, unclear how well vaccineinduced antibodies recognize different strains of influenza A(H1N1)pdm09 circulating in the population and whether the booster vaccination with seasonal influenza vaccine would broaden the antibody cross-reactivity.
Objectives Influenza vaccine-induced humoral immunity against several isolates of influenza A(H1N1)pdm09 virus was analyzed in healthcare professionals. Age-dependent responses were also analyzed.
Methods Influenza viruses were selected to represent viruses that circulated in Finland during two consecutive influenza epidemic seasons 2009-2010 and 2010-2011 . Serum samples from vaccinated volunteers, age 20-64 years, were collected before and after vaccination with AS03-adjuvanted pandemic and nonadjuvanted trivalent seasonal influenza vaccine that was given 1 year later.
Introduction
Since the beginning of the influenza pandemic in 2009, two vaccinations against influenza A(H1N1)pdm09 virus have been offered to Finnish healthcare professionals, first a monovalent AS03-adjuvanted pandemic influenza vaccine in October 2009 followed by a non-adjuvanted trivalent seasonal influenza vaccine 1 year later. Both vaccines included A ⁄ California ⁄ 7 ⁄ 2009 as a viral antigen. Recent studies indicate that one dose of the AS03-adjuvanted pandemic influenza vaccine induces a strong humoral immune response in adults. [1] [2] [3] It has also been reported that vaccination with this vaccine may reduce the risk of influenza A(H1N1)pdm09 infection among healthcare professionals. 4 In children, a trivalent influenza vaccine given 1 year after the pandemic vaccine increased the seroprotection rate against the A ⁄ California ⁄ 7 ⁄ 2009 virus from 46% to 98%, respectively. 5 However, there is little data on the persistence of humoral immunity induced by vaccination with the pandemic influenza vaccine in adults or the In this study, we analyzed in Finnish healthcare professionals the levels of antibodies induced by vaccination with a single dose of AS03-adjuvanted pandemic influenza vaccine followed by one dose of trivalent non-adjuvanted seasonal influenza vaccine 1 year later. As we recently observed that minor changes in the hemagglutinin of influenza viruses may have remarkable effects in antibody recognition , 6 we compared antibody responses against the vaccine strain and six other influenza A(H1N1)pdm09 viruses isolated in Finland during the 2009-2010 and 2010-2011 epidemic seasons. In addition, we evaluated age-related differences in vaccine-induced antibody responses. 
Materials and methods

Participants
Vaccines
Pandemrix TM (GlaxoSmithKline Biologicals, GSK, lots A81CA069A and A81CA072A) was given as a single dose of 0AE5 ml containing 3AE75 lg of hemagglutinin (HA) and AS03-adjuvant according to the manufacturer's instructions. 7 The seasonal influenza vaccine was a trivalent nonadjuvanted vaccine Fluarix TM (GSK, lots AFLUA523AA, AFLU573AA, and AFLU574AA) containing the three WHO-recommended influenza virus strains. Both vaccines were administered intramuscularly (deltoid muscle). Pandemrix vaccine was given on day 0 and the seasonal vaccine 1 year later (Figure 1 ). Thirteen volunteers were given also a second dose of Pandemrix on day 90 (and serum samples collected 21 days after the second vaccination). Serum samples were collected prior to vaccination on day 0 and the post-vaccination serum specimens were collected on days 21, 90, 365 (day 0 for the seasonal influenza vaccine), and 21 and 90 days after the seasonal vaccination (days 386 and 455 from the beginning of the study) (Figure 1 ).
Viruses
We have previously reported the circulation of four genetic groups of influenza A(H1N1)pdm09 viruses in 8 MEGA (Molecular Evolutionary Genetics Analysis) software version 4 9 was used in amino acid sequence comparison and the construction of the phylogenetic tree. The Neighbor-joining method 10 with the maximum composite likelihood model 11 was used to generate the phylogenetic tree. Bootstrapping was performed with 1000 replicates. 12 Reference virus sequences for the phylogenetic tree were obtained from GISAID EpiFlu TM Database (Table  S1) 13 Amino acid residues in the HA molecule are numbered without the signal peptide sequence. The clinical samples for isolation of viruses included in this study have been collected for routine viral diagnostic purposes. According to Finnish legislation, ethical permission is not required for specific microbiological diagnostics and further characterization of detected viruses. All viruses were propagated in MDCK cells and stored in aliquots at )80°C.
Serologic assays
All serum specimens were assayed by the hemagglutination inhibition (HI) test against the viral strains described previously. The HI tests were performed according to WHO guidelines using turkey erythrocytes (0AE5% vol ⁄ vol) .14,15 For statistical analyses, serum specimens with HI titers <10 were assigned a titer value of 5.
Statistical analysis
Antibody levels were measured on days 0, 21, 90, and 365 after pandemic lvaccination and on days 0, 21, and 90 after vaccination with the seasonal influenza vaccine. Geometric mean titers (GMT) with 95% confidence intervals and presumable seroprotection rate (HI titer ‡1:40) for each virus were calculated. Statistically significant differences were calculated using Student's t-test (paired, two-tailed) and the significance level was adjusted to P < 0AE05.
Results
Vaccination with AS03-adjuvanted pandemic influenza vaccine-induced good antibody response
Altogether 96 adults were enrolled into the study. Antibody titers against seven influenza A(H1N1)pdm09 viruses were determined by the HI test. The selected viruses genetically resemble the WHO reference viral strains and cluster to corresponding genetic groups (Figure 2 ). The participants had practically no pre-existing antibodies against any tested viruses (GMTs on day 0 between 5AE0 and 6AE7). We were able to collect only 24 pre-vaccination samples (age range 27-62 years, median age 41 years) but according to previous reports by others and us [16] [17] [18] [19] [20] this age group lacked cross-reactive antibodies against A(H1N1)pdm09 viruses before the pandemic and we therefore consider the baseline formed by these 24 samples applicable in the analysis.
Three weeks after vaccination GMTs had risen to 10-108 depending on the viral strain (Table 1) . Those remarkable differences associate with mutations in the HA of the tested viruses ( Figure 2 ). Especially important are the mutations that locate to antigenic sites as in A ⁄ Finland ⁄ 694 ⁄ 2009 viral strain, which showed clearly reduced antibody titers (GMT 9AE8). This virus has mutations in antigenically important Sa sites (N125D and N156K), which affect its antigenic properties and lead to reduced antibody recognition ( Figures 2B  and 3) . 6 On the other hand, the highest antibody titers were observed against the A ⁄ California Figures 2B and 3) . However, these mutations evidently did not affect the antibody recognition at least negatively. Thirteen volunteers (age 38 to 63 years, median 46 years) who had low antibody responses on day 21 (GMT for A ⁄ California ⁄ 7 ⁄ 09 23AE8, seroprotection rate 50%) received a second dose of pandemic vaccine on day 90. Serum samples were collected 21 days after this booster vaccination. Despite this second dose of pandemic vaccine, the antibody titers remained a lower level (not significantly) compared with those who received only one dose of pandemic vaccine. (data not shown). These lowreacting samples were included in all analyses because exclusion would have biased this study.
Depending on the viral strain, the seroprotection rates ranged from 14% to 75% on day 21 and declined to 6-66% on day 90, and to 5-56% on day 365 ( Table 1) Revaccination with a trivalent seasonal influenza vaccine strongly boosted antibody responses against influenza A(H1N1)pdm09 viruses One year after receiving Pandemrix, the antibody titers against influenza A(H1N1)pdm09 viruses had declined approximately 60% (GMTs 7AE5-38AE0) ( Table 1) . To analyze the effect of revaccination with A ⁄ California ⁄ 07 ⁄ 09, volunteers were given on day 365 one dose of seasonal trivalent influenza vaccine containing A ⁄ California ⁄ 07 ⁄ 2009 viral antigens. The geometric mean antibody titers against influenza A(H1N1)pdm09 viruses increased significantly to GMT values ranging from 32 to 308 (day 21 after the seasonal booster vaccination) depending on the viral strain ( Figure 3 ). This increase indicates that revaccination with A ⁄ California ⁄ 7 ⁄ 2009 induced a strong booster response.
Antibody response after influenza A(H1N1)pdm09 vaccination is age-dependent
Vaccine-induced antibody immune responses were analyzed in different age groups. The median age of the vaccinees was 48 years, and thus, the serum samples were evenly divided in two groups representing samples from younger and older vaccinees. Compared with older volunteers (49 to 64 years), the younger age group (20 to 48 years) showed significantly higher antibody levels against all analyzed viruses ( Figure 4A ). After vaccination with the seasonal influenza vaccine, antibody titers differed significantly only against two viruses: A ⁄ Finland ⁄ 634 ⁄ 2009 and A ⁄ Finland ⁄ 686 ⁄ 2009 ( Figure 4B ). When individual antibody titers against the vaccine virus on 21 day after the vaccination with Pandemrix were plotted against the age of the vaccinee, there was a significant (P = 0AE006) negative correlation with age ( Figure 4C ). However, after revaccination with the seasonal influenza vaccine, this age-dependent negative correlation was lost, even though a weak negative trend was still seen ( Figure 4D ).
Discussion
In Owing to this fact, we did not specifically ask for the possible underlying diseases from the participants. The viruses used in the analyses were selected based on their genetic and antigenic properties. 6, 8 The selected viruses match with the WHO reference viral strains and cluster to the corresponding genetic groups. Serum samples taken before the Pandemrix vaccination showed practically no reactivity with any of the influenza A(H1N1)pdm09 viruses. It is noteworthy though that pre-vaccination samples were collected only from 24 individuals in the age range between 27 and 62 years. In our earlier report, we describe that this age group of Finns lack cross-reactive antibodies against A(H1N1)pdm09 virus. The reports from other countries also indicate that to a greater extent crossreactive antibodies against the A(H1N1)pdm09 viruses have only been found in individuals 60 years or older. 16, [20] [21] [22] [23] [24] Exposure to the pandemic virus before the vaccination with Pandemrix is unlikely because the pandemic wave reached the Helsinki area several weeks after the vaccination.
25
AS03-adjuvanted Pandemrix vaccine is capable of inducing strong antibody responses against the A ⁄ California ⁄ 7 ⁄ 2009 vaccine virus. [1] [2] [3] However, at present, there is little information available on the persistence of antibody levels after the vaccination. Persistence of protective immunity not only depends on longevity of antibodies but also on the mutation rate of influenza viruses and the ability of antibodies to recognize different antigenic virus variants. Our data indicate that antibody titers against various viruses may differ significantly. We have previously reported that the mutation rate of the hemagglutinin of influenza A(H1N1)pdm09 viruses was maximally 1AE4% ⁄ year during the first 2 years of circulation 8 and that already one to two amino acid changes in antigenically important sites can compromise antibody recognition significantly. 6 We also analyzed booster responses induced by the trivalent seasonal vaccine given 1 year after the pandemic Geometric mean titers were calculated for each viral strain and the significance of difference between post-vaccination samples at day 21 and at day 365 were calculated using Student's paired, two-tailed t-test. Statistically significant difference (P < 0AE01) was observed to all viral strains.
vaccine. In addition, we evaluated the age-related antibody levels after pandemic and seasonal booster vaccinations and found that younger individuals showed significantly higher antibody titers against all studied viruses. It is noteworthy that booster vaccination with the A ⁄ California ⁄ 7 ⁄ 2009 virus without adjuvant increased the antibody levels significantly. Interestingly, the older age group seemed to benefit more from the seasonal booster vaccination; the differences in the mean antibody titers between the younger and older age groups decreased and the clear, age-dependent statistically significant negative correlation disappeared after the second vaccination. It has previously been observed that especially elderly individuals respond more weakly to many vaccines, including influenza vaccines, owing to phenomenon called immunosenescence. 26 It was, however, surprising that in our study an age-dependent reduction in antibody levels appeared to be linearly related with increasing age also among individuals less that 65 years of age ( Figure 4C ). It was also of interest that the seasonal booster vaccination did not improve or broaden the cross-reactivity of antibodies against different viruses. In case, the circulating virus is mutating significantly in important antigenic sites, like in the A ⁄ Finland ⁄ 694 ⁄ 2009 virus, booster vaccination with the original strain may not provide very good increase in seroprotection rate against already antigenically drifted viruses. In fact, even three immunizations with the same virus antigen (13 participants in this study) did not improve the cross-reactivity. Thus, continuous surveillance of circulating influenza viruses and the selection of novel and prevalent antigenic variants for the seasonal vaccine are essential. TM Database. All submitting laboratories may be contacted directly via the GISAID website http://www.gisaid.org. 
Supporting Information
Additional Supporting Information may be found in the online version of this article: Table S1 . 
